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Objectives

Assist in the development of optimization methodologies for the design of next generation power
systems. Implement a global/local optimization technique to achieve a cost effective design
optimization tool.

Status of the Effort

A mathematical formulation for the definition of the optimization problem for automated design
optimization of power circuits with regenerative power was completed.

Accomplishments/New Findings

1. A well-posed optimization problem was formulated for the design of a filter. It was shown that
the design cycle of the filter was significantly reduced. This formulation is expected to
significantly impact the industrial design of filters.

2. A well-posed optimization problem was formulated for the design of a dc-to-dc power
converter.

3. The design of a converter plus filter was accomplished using the optimization formulations of
the two subsystems developed above. It is shown that the joint optimization is preferable to
optimization of the components separately.

4. A preliminary plan for applying global/local design methodologies to the power system design
problem was formulated.
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OPTIMAL DESIGN OF A POWER DISTRIBUTION SUBSYSTEM

S.A. Ragon,* S. Chandrasekaran,! D.K. Lindner,! Z. Giirdal,” and D. BoroyevichT
"Department of Engineering Science and Mechanics
"Bradley Department of Electrical and Computer Engineering
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

ABSTRACT

A mathematical optimization technique is used to design several components of a power
distribution system for next generation aircraft. A simple interconnected system consisting of an
input filter and a DC-DC buck converter is used as the prototype for the optimization
demonstration. The components are designed for minimum weight subject to performance,
stability, and peak voltage constraints. Optimized designs for each of the individual subsystems and
for the integrated system are presented. It is shown that there is interaction between the filter
design problem and the converter design problem, and that weight improvements can be obtained
by taking these interactions into account. The automated design scheme described enables
designers to obtain optimized subsystem designs in a time efficient manner.

1. INTRODUCTION

In the next generation transport aircraft, it is projected that all power will be distributed and
processed electrically. Electrical power will be utilized for driving a diverse array of aircraft
subsystems that are currently powered by hydraulic, pneumatic, or mechanical means. These
subsystems include flight control actuation systems, environmental control systems, and several
other utility subsystems. The power distribution system therefore plays a central role in the
developing concepts of next generation aircraft. The principal objective of this research effort is
to develop and demonstrate optimization methods that facilitate the design of these power
distribution systems.

The current primary interest is in next generation power distribution systems built around a 270V
DC distribution bus. This bus is regulated by switching power converters. Most of the loads,
including the actuators, are also regulated using switching power converters. Other devices in the
power system are filters and relays that serve to control the interaction of the various components
of the power system.

The design of these power systems presents challenges on several different levels. The design of
the components themselves is quite complex, particularly the switching power converters. When
these converters are interconnected into a system, additional design considerations arise. For
example, this type of power distribution system allows for power flow in both the forward
direction from the generator to the loads and in the reverse direction from the loads to other loads
and the generator. In other words, the system is capable of generating power, for example, upon
reversal of the control surfaces,and possesses the property of having regenerative power flow
that needs to be dealth with. The results reported in this paper address two consequences of this
regenerative power flow. First, the regenerative power flow will cause voltage peaks on the bus.
Therefore, the individual component design must take into account these system level transient




phenomena. Second, the presence of regenerative power flow indicates tight coupling between
the individual power system components. Therefore, the stability of the global system must be
insured from the local component design.

Mathematical optimization techniques have found abundant application for the design of high
performance converter and drive systems [1-3]. However, optimization methods for the design of
aircraft or shipboard power distribution systems where efficiency, size, and weight are of
paramount importance have received very little attention in the past [4]. The design of these
power distribution systems is extremely involved due to the preponderance of power converters,
advanced motor drives, and actuation systems. In addition, any design methodology must take
into account the complex interactions between different subsystems.

In the following we develop an optimization procedure to facilitate the design of a power system.
The proposed optimization procedure is demonstrated on a simple interconnected system
(henceforth referred to as the sample system) consisting of a regulated DC-DC buck converter
preceded by an input filter. The sample system, although not as complicated as a typical aircraft
power system, captures the essential features of the optimization procedure. The procedure is
formulated to yield realistic designs for each component. Then, the procedure is extended to the
sample system to address system wide design considerations. In order to assess the validity of the
results obtained from the optimizer, the optimal designs are compared to a filter built for a three-
phase buck converter for a telecommunications application [5].

The sample system is introduced in section 2. The optimized design of the input filter as an
independent subsystem is presented in section 3, and, this optimal design is compared to a
nominal design to illustrate the effectiveness and efficiency of the proposed methodology. The
optimized design of the converter as an independent subsystem is then presented in section 4
following a methodology similar to that used for the input filter. In order to evaluate the effects
of system interaction on the optimal design process, the filter and converter were combined to
form an interconnected system and optimized simultaneously. These results are presented in
section 5.

2. SAMPLE SYSTEM

In this paper we will demonstrate the optimization procedure on a sample system that captures
the salient features of the optimization. The sample system consists of an input filter followed by
aregulated DC-DC buck converter is shown in Figure 1.

; iy BUCK
= o | INPUT FILTER }=> CONVERTER [%

¥0)
Figure 1. Block diagram of the sample system.
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The power is supplied by the aircraft power bus, which is assumed to be a stiff DC source of
¥V, =270V. The buck converter is representative of motor drives commeonly found in aircraft
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power systems. The converter is loaded by a fixed DC current source /o (to represent the average
power drawn).

Switching converters, due to their high frequency switching behavior, inject an appreciable
amount of high frequency noise into the system. This high frequency noise results in what is
known as Electromagnetic Interference (EMI) between the converter and other interconnected
systems. Input filters are added at the front end of these converters in order to prevent the
switching noise from entering the source subsystem. Stringent EMI specifications exist that
impose upper bounds on the input filter transfer characteristics at different frequency ranges as
dictated by the specific application.

A distinguishing feature of the modern aircraft power distribution systems is the regeneration of
energy from the flight control actuators to the DC bus during certain operating regimes. The
regenerative flow of power occurs as a transient disturbance on the DC bus and results in
intolerably large voltage swings on the same. To account for the effect of regenerative power
flow, the load disturbance i,«(?) indicated in Figure 1, is represented by a pulse load with duration
T, as shown in Figure 2.

|
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Figure 2. Load disturbance profile

The nominal operating conditions for the sample system are given below in Table 1.

Table 1. Nominal Operating Conditions for Sample System

Variable Description Value
Ve Filter input voltage 270V
Vs Filter output voltage 270V
v, Converter output voltage 100V
D Converter duty cycle Vo/Vg
1, Converter average load current 154
Iy Converter input current I(V/Vy)
I, Peak value of pulse disturbance -204
T, Duration of pulse disturbance 10ms

The goal of the optimization is to design these two subsystems such that: 1) each subsystem
meets its own performance specifications (to be described below), 2) the overall system is stable
within prescribed stability bounds, 3) the effect of the transient disturbance source i,(?) at the
output of the buck converter on the input voltage of the converter is limited, and 4) the overall
weight of the system is minimized.

In the sections that follow, we will discuss the optimization of each subsystem separately, and
then the joint optimization of the whole system.




3. OPTIMIZED DESIGN OF INPUT FILTER

In this section we will discuss the optimal design of the input filter shown in Figure 3. This
topology was used for a three-phase buck rectifier for a telecommunications application [5].
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Figure 3. Schematic of input filter used in sample system.

To formulate the optimization procedure it is necessary to: 1) develop the model of the filter, 2)
identify the design variables, 3) specify the constraints, and 4) define the objective function.

Input Filter Model

The model for this subsystem can easily be developed using network analysis. For the
optimization procedure, the model is written in the standard state space form

Xx=Ax+Bu €))
y = Cx + Du, where
T . . T [ . ]T
x= [’Ll Iy ld Ya ch] s U=V, 1
=Py i
Y=1Vs lg
Design Variables

Design variables for the input filter shown in Figure 3 include the capacitance values C; and C3,
and resistance value R, In addition, we must design the three inductors. In the present work the
inductor design includes the physical design of the inductor's components, not just the selection
of the value of the inductance, L. The inductors are assumed to be typical EE cores as shown in
Figure 4.

KZWw i[
l g
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Figure 4. EE Core and its relevant dimensions

The quantities K; and K, shown in Figure 4 are assumed to be fixed and represent the aspect
ratios of the center leg and the window, respectively. The other physical variables governing the




design of each inductor are listed in Table 2. Note that these variables include parameters related
to the windings and wire size.

Table 2. Physical variables associated with inductor design

Variable name Description
n Number of turns
Agp CSA of winding
C, Center leg width
W, Window width
L, Airgap length
. . . 1 K,C2n?
The inductance as a function of these physical variables is given by Lz—%—w——. The
g

complete set of input filter design variables is listed in Table 3.

Table 3. Design Variables for the Input Filter

Design Variable Description
C,; Filter capacitance
C, Filter capacitance
Ry Filter resistance
Ny Number of turns for L,
Acpd CSA of winding for Ly
Chd Center leg width for Ly
Woa Window width for L,
loa Airgap length for L,
N, Number of turns for L,
Aepr CSA of winding for L,
(oW Center leg width for L,
Wi Window width for L,
Iy Airgap length for L,
N, Number of turns for L,
Acpz CSA of winding for L,
Cy2 Center leg width for L,
W2 Window width for L,
L2 Airgap length for L,

Constraints

The input filter design constraints are subdivided into physical, performance, and stability
constraints as explained in the following subsections.

Physical Constraints: These constraints are defined to guarantee physically meaningful
dimensions for the core and windings used in the inductor (Figure 4). They are defined as
follows [2]:

e The widths of the center leg C,, and of the window W,, are not allowed to be less that Imm.

e In order to ensure sufficient mechanical strength for the winding, the copper wire used
cannot be greater than 30AWG, which is equivalent to a cross-sectional area of 7.29 x 10-8
m2.

e The number of turns in the inductor cannot be less than one.




o The current density in the windings of the inductor cannot be greater than maximum
allowable current density for copper.

e The available window area of the EE core must be large enough to accommodate the
windings of the inductor, see Equation 2 (see Table 2 for inductor variables).

PR nd,,
W > 7 + Wy, K, W, (Where,

F,,, window fill factor =0.4
W, bobbin thickness = 1.5mm
K,, Window area aspect ratio = 3

)

e The dimensions of the inductor should be such that the maximum allowable saturation flux
density for core material (which is assumed to be ferrite) is not exceeded, Equation 3.

LIy
sp T 20
nkK,C;, A3)
Bsp,

K,, center leg aspect ratio=1.5

saturation flux density of ferrite = 0.37

Performance Constraints: Performance constraints are further classified as frequency domain and
time domain constraints:

Frequency domain constraints: As mentioned earlier, input filters are added at the front end of
switching converters in order to prevent the high frequency noise from entering the source
subsystem. Stringent EMI specifications exist that impose upper bounds on the input filter
transfer characteristics at different frequency ranges as dictated by the specific application.

The EMI specifications on the input filter are typically translated into frequency domain
constraints on the input-output transfer function of the input filter

2 T4 1)

The frequency response function for a typical input filter is shown in Figure 5.
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Figure 5. Definition of frequency domain performance specifications for the input filter




Two types of constraints exit for the frequency response function: low frequency constraints and
high frequency constraints. The transfer of power from the source to the load occurs almost
entirely in the low frequency region. Hence, in order to achieve a low pass filter characteristic,
the frequency response function must be near unity in the passband. These transmission
requirements are defined in terms of upper and lower bounds on the input-output transfer
function of the filter up to a passband frequency, @y, as shown in Figure 8. For the present
problem, the passband constraint is defined as :

—ldBS]Av(ja))|S6dBf0r0Sa)S2n'5x103rad/s. (5)

The frequency boundaries for the stopband and passband constraints were chosen based on the
assumption that the converter to which the filter is attached has a nominal switching frequency of
100 kHz. This high frequency switching generates a high frequency ripple that must be
attenuated. Hence, the frequency response function in the stopband must be small. For the
present problem, a stopband constraint was imposed above the frequency, @y, as (see Figure 5):

|4,(jo)|<-60dB  for w>2x-50%x10%rad /sec. (6)

Time Domain Constraints: In the sample system shown in Figure 1, a disturbance current load
at the output of the buck converter develops transient voltage swing at the output of the input
filter. To capture this disturbance in the filter problem, the input filter is terminated by two
current sources: I that represents the DC current drawn by the converter, and ipA?) that
represents the transient load disturbance (Figure 3). A time domain constraint, which imposes an
upper bound on the maximum transient excursion of the output voltage of the filter, is imposed
as indicated in Figure 6 to limit the disturbance. For the present work, the maximum transient
voltage excursion limit was 20 V-

Avg <20V, (7)

( N
AVE 5 AVBmax

Figure 6. Time domain constraint for input filter
Stability Constraints

Because the input filter consists only of passive components it is generally internally stable (with
all its eigenvalues in the left half of the s-plane). However, the input filter is notorious for
causing instability due to its interaction with a regulated converter. It can be shown that a
regulated power converter can have negative input impedance that, due to the addition of a front-
end input filter, might cause the interconnected system to become unstable. Constraints that
guarantee stability of the interconnected system are defined in the frequency domain using the
Middlebrook impedance ratio criterion [7]. The impedance ratio criterion is explained in the
following.




A generic subsystem interface is shown in Figure 7. The interconnected subsystems are, in
general, nonlinear and are represented by average models that are linearized about an operating
point. The current i;, and voltage vy, at the interface are given by Equation 8.

Z, J Z
¥ i C VIT 1 < i )
Auly Ve (A0, Ay,
Subsystem] Interfacel Subsystem 2

Figure 7. Generic Subsystem Interface

= A AUR
The sufficient condition for the stability of the interconnected system is given by:

|lZol J(Um ” i2 (;co)” (1
Sl 2LV K ©)
1 ¥ ( o)
Equation (9) is traditionally known as the Impedance Ratio Criterion. The stability constraint for

the input filter is, therefore, specified in terms of these terminal impedances. The input filter
schematic showing only the relevant impedances is shown in Figure 8.

N Za_max

N
@

Figure 8. Impedances at the terminals of the input filter.

The impedance looking out of the output terminals of the filter is designated Z;, and is the input
impedance of the buck converter. The impedance looking out of the input terminals is designated
Z,c and is the output impedance of the source subsystem (which, in this case, is represented by
an ideal voltage source). Since the impedances Z,¢ and Z;, are given, upper (Z, max) and lower
(Zi_min) bounds on the output and input impedance of the filter, respectively, are specified to
ensure sufficient separation between them and the impedances of the source and load
subsystems:

Zi pin = ngn(‘ZiF (jo))>3dB (10)

o max — ({ F(jw)‘)<15 dB.




Obijective Function

The objective function is the weight of the input filter. The total filter weight is the sum of the
weights of the inductors, capacitors, and resistors:

J =W, +We+Wp (11)

The weight of an inductor is determined as the sum of the weights of iron and copper used in the
core and windings, respectively

W, =W, +W, (12)
The weight of the copper is given by:

.o Where D = 8900kg/m’
Vol, = MLT -n- A4, where (13)

MLT =2F,C, (1+ K, ), mean length/turn

W, =D,Vol

The weight of the iron used in the EE core is given by:

W, = D,Vol,, where D, = 7800kg/m’ (14)
Volfe = ZpAp , where

zZ,= 201+ K, W, + % C,,, magnetic path length

4, =K, C2, Area of crosssection of center leg

The weight of a capacitor is approximated as a function of the energy stored in it and is given by
following equation, where the constant ac was obtained from manufacturer data sheets:

We = acCV; (15)
Finally, the weight of the resistor is approximated as a function of the energy dissipated in it.

' 16
Wp = [R-if-dt (16)
0

Optimization Results

Optimization was performed using the VisualDOC optimization software [8] using the Modified
Method of Feasible Directions algorithm [9]. The transient peak voltage constraint was enforced
by imposing an upper bound constraint on the maximum output voltage obtained from a time
domain simulation of the filter response. Constraint derivatives were computed using finite
differences. Depending on the initial design used to start the optimization iterations, convergence
was obtained within approximately 200 function evaluations (here a single function evaluation

9




includes both a time domain simulation and frequency domain computations). The optimizations
were achieved in approximately 40 minutes on a 500 MHz Pentium III PC.

In order to assess the validity of the results obtained from the optimizer, the optimal designs
were compared to a filter built for a three-phase buck converter for a telecommunications
application [5]. This hardware design, developed without the use of the optimizer, is referred to
here as the nominal design.

The optimization algorithm used for the present work belongs to a class of optimization
algorithms termed “gradient based methods”. In order to begin the optimization process, these
algorithms are typically provided with an initial design. Once an initial design is specified,
gradients of the objective function and constraints are computed with respect to the design
variables to compute a search direction in the design space. Next, the design space is searched
along the computed direction so as to minimize the objective function while satisfying all the
constraints. Gradients are then recomputed at the new design point, and the process continues
until no further improvements are possible. If the design space contains several local minima,
there is a possibility that a gradient based optimizer may be trapped by a local minimum, and the
answer will depend on the selection of the initial design point. In order to increase the probability
of finding the point with the smallest objective function value (the global minimum), it is
customary to execute the optimization algorithm starting from several different initial designs. In
the present work, it was found that there were local minima in the design space, although in all
cases studied, even the local minima were lighter than the nominal design. The results reported
here correspond to the best designs found during the course of the study.

The nominal and optimum design variables and the objective function are given in Table 4. The
inductor values for the nominal and optimal designs based on the physical variables are provided
in Table 5. Response quantities of interest for the nominal and optimal designs are given in Table
6. Response quantities that are at their upper or lower bounds are listed in bold face type. All the
physical constraints on the inductor designs were active for the optimal design. The other active
constraints for the optimized design were the lower bound constraint on the input impedance Z;r
and the stop-band constraint on the input-output transfer function. Note that the peak voltage
constraint was violated for the nominal design.

Table 4. Optimization Results for Input Filter

Variable Nominal value Optimal value
ny 29.53 19.94
Aepi 0.630 x 10”° m? 0.530 x 10° m®
Cui 0.751x 102 m 0.484x 107 m
Wi 0.682x 102 m 1.017x 102 m
L 1.16x 10° m 0.664x 10° m
n, 4598 42.77
Acp: 0.448 x 10° m’ 0.382 x 10° m’
Cy2 0.985x 107 m 0.939x 107 m
W,z 133x 107 m 1.244x 107 m
Ly 129x 10° m 1.03x10°m
ng 16.06 7.79
Apa 0.349x 10° m* 0.359 x 10° m?
Cua 0396x 10" m 0.585x 102 m
Wosa 0.978x 10" m 0.564 x 102 m
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Lo 0.355x 10° m 0.176x10° m

C 5 uF 7.19 uF

C, 18.8 uF 27.70 uF

Ry 30 2230
Weight 0.5279 kg 03692 kg

Table 5. Nominal and Optimal Inductor values

Variable Nominal value Optimal value
L, 80 pH 26.49 pH
L, 300 pH 296.77 uH
Ly 215 pH 22.29 pH

In order to compare the optimization results with the hardware (nominal) design, several
additional optimization runs were performed corresponding to different values of the lower
bound constraint Z; i, on the input impedance. The resulting family of optimal designs is
compared to the nominal design in Figure 9. For the same value (3.8 dB) of Z; »», the optimal
design is 25% lighter than the nominal design. For the same weight, on the other hand, the
minimum input impedance for the optimized design is approximately 47% higher than for the
nominal design.

Table 6. Response quantities for nominal and optimal designs of input filter

Response variable Nominal Optimal
Minimum input impedance 3.81" dB 2.99 dB
Maximum output impedance 15.39dB 9.11 dB
Passband maximum 5.63 dB 3.18 dB
Passband minimum 6.55x 10°dB 7.94390 x 10°° dB
Stopband maximum -63.13dB -60.00 dB
Peak output voltage 2197V 13.75dB

*violated constraint

0.55

WNominal Design

0.5

0.45 1

0.4 4§

Weight, kg

0.35 1

0.3

Figure 9. Weight of optimal designs as a function of the lower bound on the input impedance

In addition to providing weight savings in comparison to the nominal design, the optimal design
methodology is automated and can considerably reduce design cycle time. Such an automated
filter design tool may enable engineers with little experience in filter design to generate high
quality filter designs in a short period of time.
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4. OPTIMIZED DESIGN OF BUCK CONVERTER

Buck Converter Model

The schematic of the DC-DC buck converter is shown in Figure 10a. The switch-diode
combination highlighted in Figure 10a is replaced by a single-pole double throw switch, known
as the PWM switch, as shown in Figure 10b. The switch S is turned on (switch at position a in
Figure 10b) and off (switch at position b in Figure 10b) at a fixed frequency to transform the
input voltage v, to a periodic square wave voltage v.. The voltage v, is then filtered by the L-C
filter to obtain the output voltage v,. The average value of the output voltage is varied by
modulating the time interval the switch S is kept on.

a YN 2p M A,
Iarile= P

Vg s (%C) vy

1R

(2) (b)
Figure 10. Schematic of DC-DC Buck converter
(a) Realization with transistor-diode combination

(b) Realization with PWM switch

The fraction of the time period 7 for which the switch is kept on is known as the duty cycle d of
the switch. The values of L and C and the switching frequency f;, determine the switching ripple
in the inductor current iz, and output voltage v,. In order to tightly regulate the average value of
the output voltage to a fixed reference, a feedback compensator is used to control the duty cycle
d of the switch against disturbances in the load current i,, and input voltage vz. Approximate
waveforms of the inductor current and the output voltage including the switching ripple are
shown in Figure 11.

VB
Vil Son | Soff
L= T~ T~ L
Vo v,
DT, i(I-D)T, t

Figure 11. Switching waveforms of inductor current and output voltage

In this paper, an average model of the buck converter, which neglects the switching ripple in the
currents and voltages, is used [6]. The average model of the buck converter replaces the switch-
diode combination in the switch model (Figure 10a) by controlled current and voltage sources. A
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multi-loop controller consisting of an inner inductor current loop and an outer voltage loop is
used for the regulation of the output voltage to a fixed reference. Since average models of the
converters are in general nonlinear, small signal models linearized around an operating point are
derived. These linearized models are then used for the design of the current and voltage
controllers. As already mentioned, the input voltage vg, is represented by an ideal voltage source
of 270V. The average model of the buck converter along with a block diagram of the controller
is shown in Figure 12.
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Figure 12. Average model of buck converter with inductor current and output voltage
compensators

Design Variables

Design variables for the buck converter include the physical parameters governing the design of
the inductor, capacitance C, the switching frequency of the converter f;, and a set of parameters
governing the feedback controller (/,, @;, @y, hip, and ;). As with the filter, it is assumed that an
EE core is used for the inductor (Figure 4). Table 7 contains a list of all design variables used for
the buck converter.

Constraints

The performance, stability and physical constraints on the design of the buck converter are
described in the following paragraphs.

Table 7. Design Variables for buck converter

Design Variable Description
C Capacitance
n Number of turns for L
A, CSA of winding for L
C, Center leg width for L
W, Window width for L

b~

Airgap length for L

pA Switching frequency of buck converter
hy Voltage controller gain

@, Voltage controller zero

@, Voltage controller pole

hi Current controller proportional gain
h;; Current controller integral gain
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Performance Constraints

Frequency Domain Constraints: Two frequency domain constraints are imposed on the buck
converter. These constraints can be explained with the help of the simplified block diagram of
the closed loop buck converter shown in Figure 13. Frequency domain constraints for the buck
converter are imposed as upper bounds on the maximum magnitude of the transfer function
between the input and output voltage and the voltage loop gain crossover frequency.

Audiosusceptibility
_
r 7%
v, Power Stage Y,
' B

*  Loop Gain J

d v,
Controller

Figure 13. Simplified block diagram of closed loop buck converter

The transfer function between the input voltage v, and the output voltage v, is called the
audiosusceptibility of the converter. A typical transfer function is shown in Figure 14a. An upper
bound is imposed on this transfer function in order to guarantee sufficient rejection of any audio
frequency disturbance introduced at the input voltage. This constraint can be stated as,

PR LA V) {17
v (jo)

—

< -30dB

[

The second constraint is imposed on the loop gain. The loop gain is the transfer function between
the output voltage error V,.r- v,, and the output voltage v,. The characteristics of the loop gain
transfer function determine the bandwidth and the stability margins of the closed loop system. A
typical curve is shown in Figure 14b.

An upper bound constraint is also imposed on the crossover frequency of the voltage loop gain,
g This constraint is imposed for the following reasons:

1) Because the average model neglects the switching frequency ripple it is valid only for
frequencies much lower than half the switching frequency. If a limit is not imposed on
the crossover frequency w, a controller design could potentially be achieved with a
bandwidth comparable to the switching frequency, which would render the model
invalid.
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Figure 14. Frequency Domain Constraints for the buck converter (a) Audiosusceptibility, (b)
Voltage loop gain
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2) In order to attenuate the measurement noise, the loop gain must be low at high frequencies.

2 18
gy < 75% (18)

Time Domain Constraints: As in the case of the input filter, time domain constraints are
introduced to account for transient disturbances in the system. A pulse load disturbance
represents the transient disturbance at the output of the buck converter. For the optimized design
of the buck converter, a fixed resistance is included in series with an ideal voltage source as
shown in Figure 15.

R=5Q L
L N YY1

L1

O

Input Voltage Response Output Voltage Response
[ Y A ¥
Vs AIf 40v v, AIO <20V

t t

Figure 15. Time domain constraints for the converter

This fixed resistance was included to represent the effect of the input filter. The resistance value
was chosen to be equal to 5Q and the voltage variations at the input and output of the converter
were constrained as

vy < 40V, dv, <30V (19)

15




Stability Constraints

The stability constraints for the buck converter are somewhat more complicated than the filter.
Like the filter, the buck converter must satisfy external stability constraints, so that the entire
system in Figure 1 is stable. In addition, because of the presence of the internal control loop, the
converter must be internally stable.

Internal Stability Constraints: The design of the feedback controller for the buck converter
(Figure 12) must guarantee stability and robustness of the closed loop system in the presence of
disturbances in the load current and source voltage. These stability constraints are defined as
bounds on the gain margin, g, and phase margin, ¢, of the closed loop. From classical control
theory[10], positive values of phase margin and gain margin are necessary conditions for
stability. In order to guarantee sufficient robustness of the closed loop, lower bounds are imposed
on these values:

., > 60° (20)
g, >3dB

These values are widely used in the design of switching converters.

External Stability Constraints: External stability constraints are used to guarantee stability of
the interconnected system after adding the input filter. As for the input filter, they are defined
using the impedance ratio criterion with the input and output impedances appropriately defined.
An upper bound is imposed on the maximum magnitude of the output impedance, Z,_max, and a
Jower bound on the minimum magnitude of the input impedance, Z; min, of the closed loop
converter, Equation 21.

z =mﬂ§nQZ,-B(ja)))> 30dB 1)

Zy e =max(Z,; (joo))<20dB
w

i_min

0_max

The first of these two constraints ensures that there is at least a 15 dB separation between the
output impedance of the filter, which was set to 15dB in Equation 7, and the input impedance of
the converter.

Physical Constraints

In addition to the physical constraints, which guarantee physically meaningful dimensions for the
core and winding of the inductors, constraints are also imposed to limit the switching ripple in
the inductor currents and the capacitor voltages. Although the average model for the buck
converter is used for the analysis, expressions for switching ripple in terms of average quantities
are readily available.

Inductor Current Ripple: It is generally required that the peak-to-peak inductor current ripple
be less than 10% of the nominal inductor current. From Figure 11, the inductor current ripple can
be obtained as
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(1-D)v, (22)

Al =—=
fi L

The constraint imposing a lower bound on the inductance based on the switching ripple is then

determined as follows

2\(1_ (23)
AL, <0 gy = L> 10(V—0].(-1f—D]

o

P

where, I ,pm) = ?/ﬂ

o

Output Voltage Ripple: The ripple in the output voltage is generally limited to be less than 1%
of the average value. The output voltage ripple is the sum of two components, (i) Capacitor
voltage ripple and (ii) Ripple due to drop across the resistance Rc. It is assumed that the capacitor
absorbs the ripple component of the inductor current. The peak-to-peak output voltage ripple
constraint is derived as follows:

ALY 3 24)
8C f,

Substituting for the inductor current ripple from Equation 22, the output voltage ripple constraint
can be determined as follows

_ 1 (I—D)V +(1—D)VR =__1_(1—D)V(1+#) 25)
°T8LC f, ° L, ¢ Lc fr o\ 7°

4V, <0.017, = LC >100) 1D (lﬂfs ,
N8

5

where 7, ESR time constant = R.C = 30 us.

Objective Function

The objective function is the weight of the converter, which is calculated according to Equation
11 as the sum of the weights of the inductors and the capacitors. The controller is not assumed to
contribute significantly to the weight of the converter and hence is neglected in the determination
of the weight.

Optimization Results

As was the case for the input filter problem, the VisualDOC optimization software [8] using the
Modified Method of Feasible Directions algorithm [9] were used to obtain an optimized design.
The transient peak voltage constraint was enforced by imposing an upper bound constraint on the
maximum output voltage obtained from a time domain simulation of the filter response.
Constraint derivatives were computed using finite differences. Converged optimal designs were
obtained in approximately 300 function evaluations (a single function evaluation includes both a
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time domain simulation and frequency domain computations). The optimizations were achieved
in approximately 20 minutes on a 500 MHz Pentium III PC. The optimal design for the buck
converter was insensitive to the initial design.

In order to assess the validity of the results obtained from the optimizer, the optimal designs
where compared to a three-phase buck converter for a telecommunications application [5]. This
hardware design, developed without the use of the optimizer, is referred to as the nominal design.

The nominal and optimal designs of the buck converter along with the corresponding objective
functions are presented in Table 8. .

Table 8. Optimization Results for Buck Converter

Variable Nominal value Optimal value
n 55 55.55
A, L1x10° m’ 1.05 x 10° m’
C., 1.65x 107 m 1.626 x 102 m
W, 25x10°m 2.28x10%m
I, 3.9x10° m 3.66 x 10° m
L 400 uH 419.75 uH
C 82 uH 46. 88 uF
h, 1 0.881
@, 100 rad/sec 420.14 rad/sec
@, 40000 rad/sec 54983 rad/sec
hiy 1 0.998
hy 100 100
fs 100kHz 100 kHz
Weight 1.5637 kg 1.5072 kg

The nominal and optimal values of inductance obtained from the physical parameters are also
listed in Table 8. Response variables of interest for the optimized buck converter are given in
Table 9. Response variables at their upper or lower bounds are listed in bold face type. The
active constraints for the optimized converter design were the physical constraints on the design
of the inductor and the constraint on the input voltage variation to the transient load disturbance.
Note that the nominal design violates the constraint on the inductor current ripple.

Table 9. Response quantities for nominal and optimal designs

Response variable Nominal Optimal
Inductor current ripple 1.574 A L.5A
Capacitor voltage ripple 0.6V v
Phase margin 72.5° 69.54°
Gain margin 58.67 dB 37.13 dB
Minimum input 33.72dB 33.69 dB
Maximum output 0.02 dB 1.25 dB
Audiosusceptibility -57.24 dB -55.99 dB
Peak output voltage 1985V 2261V
Peak input voltage 3738V 38.85V

* Violated constraint
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The optimized converter design is not significantly lighter than the nominal design, but it was
obtained in a shorter period of time and with a minimal amount of effort compared to the
standard manual design procedures.

OPTIMIZATION OF SAMPLE SYSTEM

The optimization procedure for the design of the sample system (combined filter/converter) is
presented in this section. The design variables are those of the input filter and the converter as
shown in Tables 3 and 7. The constraints on the optimization of the interconnected system are
obtained from those of the designs of each of the individual systems with some modifications to
account for interactions between the input filter and the converter. The constraints that need to be
modified are those that are defined at the interface between the input filter and the converter.

1. Due to the interconnection of the filter and the converter, fixed numbers on the output
impedance of the filter and the input impedance of the converter may not be appropriate to
imposed as was the case when they were designed independently. Since a sufficient condition
for stability is to ensure a minimum separation between the two impedances, the two
constraints on the input impedance of the converter, Zjz and the output impedance of the
filter, Z,r, are replaced by a single constraint that imposes a lower bound on the difference
between the two as shown in Figure 16a.

2. The constraint on the transient excursions on the output voltage of the input filter and the
input voltage of the converter are replaced by a single constraint on the maximum excursion
of the interface voltage vz, as shown in Figure 16b.

(a) (®)
Figure 16. Interaction constraints on the sample system design Impedance separation (b)
Interface voltage variation

The interaction constraints used for the current example are given below:
min(Z,5 (jo))- max(Z, (o)) > 15dB (26)
Avy <20V

The 15-dB separation used in the first constraint is consistent with the constraints used for the
individually optimized designs (Equations 10 and 21) presented earlier. All other constraints are
directly carried over from the optimization formulations of the input filter and the buck
converter. The objective function is the total weight of the input filter and converter.
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Optimization Results

Converged optimal designs were obtained in approximately 1400 function evaluations, where a
single function evaluation again includes both a time domain simulation and frequency domain
computations. The optimizations were achieved in approximately 90 minutes on a 500 MHz
Pentium III PC. The optimal design was generally insensitive to the initial design, although
several local minima were encountered.

The results of the optimization of the sample system are given in Table 10, and important
responses are listed in Table 11. The active constraints for the filter in this optimization run were
all the physical constraints on the design of the inductors, the lower bound constraint on the input
impedance, the upper bound stopband constraint, and the upper bound constraint on the
passband. The active constraints on the converter were the physical constraints on the inductor
design and the upper bound on the voltage variation at the output due to a load disturbance.

The filter design obtained from the combined problem is lighter than that obtained from the
individual optimization. The converter design obtained for the combined optimization problem is
almost identical to that obtained independently. Differences in the combined designs and the
independently obtained designs arise because the interconnection of two subsystems creates a
feedback loop where a change in the source subsystem causes a change in the load subsystem
and vice versa. When the optimization was performed on the integrated sample system as a
whole, the optimizer was able to take advantage of the interaction between the filter and
converter and reduce the overall system weight. The nature of the interaction between the filter
and the converter are explained in the following.

Table 10. Comparison of Optimization Results

Variables Nomimal Individual Integrated
Optimization Optimization
ny 29.53 19.94 20.01
A | 0630x10°m? | 0.530x 10° m? 0.521 x10° m*
Co | 0751x10°m | 0484x10°m 0.480x 107 m
We | 0682x102m | 1.017x10°m 1.014x 102 m
L 1.16x10° m 0.664x 107 m 0.657x 10° m
nz 45.98 40277 42.81
F [ 4y [0448x10°m’ | 0.382x10°m? | 0.370x 10° m?
I [ C, [0985x10°m | 0939x10°m 0.914x 10%m
L | W, | 133x10"m 1.244x 102 m 1.230x 102 m
T | l | 129x10°m 1.03x 107 m 1.017x10° m
E ny 16.06 7.79 7.78
R [ Agpa | 0349x10°m’ | 0359x10°m® | 0356x10° m’
Cu | 0396x107"m | 0.585x102m 0.576 x 102 m
W | 0978x10°m | 0.564x102m 0.561 x 102 m
ly | 0355x10°m | 0.176x10°m 0.172x 10 m
G 5 uF 7.19 uF 7.21 yF
[ 18.8 uF 27.70 uF 27.86 uF
Ry 30 2230 227Q
WEIGHT 0.5279 kg 0.3692 kg 0.3495 kg
n 55 55.55 55.55
A, | 11x10°m’ 1.05x 10° m? 1.05x 10° m?
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c [C, ] 1.65x107m | 1.626x10°m 1.63x 102 m
o | W,| 25x10°m 228%10%m 228%x 107 m
N [ ]| 39x10°m 3.66x 10° m 3.67x10° m
v [ C 82 uF 46. 88 uF 46.904 F
E | & 1 0.881 0.880
R , 100 rad/sec 420.14 rad/sec 420.12 rad/sec
T @, | 40000 rad/sec 54983 rad/sec 54998.2 rad/sec
E | A 1 0.998 0.998
R | & 100 100 100

Iz 100 kHz 100 kHz 100 kHz
WEIGHT 1.5637 kg 1.5072 kg 1.5072 kg

Table 11. Response quantities of Integrated Optimization

Response Quantity Value
Minimum input impedance 3.00 dB
Maximum output impedance 9.3382 dB"
INPUT Passband maximum 3.36 dB
FILTER Passband minimum 487 x 10°dB
Stopband maximum -60 dB
Phase margin 69.57°
Gain Margin 37.18 dB
BUCK Minimum input impedance 33,72 dB’
CONVERTER Maximum output impedance 1.25dB
Audiosusceptibility -55.98 dB
Peak output voltage 22.59V
INTERFACE Impedance Difference 24.378 dB
QUANTITIES Peak interface voltage 11.81V

* These responses were not constrained while performing the integrated optimization. They are
shown here for the sake of completeness.

| When the input filter is optimized individually, the load disturbance was represented by a pulse
| load similar to that at the output of the converter except that it was scaled by its duty cycle.
When the converter and the filter are optimized together, the load disturbance at the output of the
filter (and hence, at the input of the converter) is filtered by the presence of the converter. Hence,
the transient peak currents flowing into the inductors of the filter are lesser than those that were
present when the filter was optimized individually. This is illustrated in Figure 17 and where the
transient responses of the filter inductor current i;;, with and without the buck converter are

shown.
8 L
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6 41 |
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. 2 i
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2 i, 1t
of or
N
2F
2F
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(a) (b)
Figure 17. (a) Filter Inductor current iz; and (b) Filter Inductor Current iz, with (--) and without
(-) buck converter

Since, the peak currents flowing into the filter inductors are lower when the converter is taken
into account, smaller inductors can be used. This results in a lower weight filter. Simulation
results of the sample system with the converter design obtained from the individual and
integrated optimizations are shown in Figure 18. It can be seen from Figure 18 that the output
voltage variation of the buck converter in the optimized sample system is higher than that of the
individually optimized converter. A similar observation can be made from Figures 17a and 17b,
where the filter inductor currents are shown. The optimizer increases the capacitance slightly
(Table 10) at the output of the buck converter to allow a larger voltage variation. This results in a
larger portion of the transient current to flow into the output capacitance of the buck converter
than propagate to the filter. This enables the filter weight to be significantly decreased.

122.6

122.55¢

122.5}F

v 122.45

122.4}

100

122.35¢

0.005 0.01 0.015 0.02
time in secs

() (b)
Figure 18. (a) Converter output voltage in sample system with individually optimized converter
design (-) and converter design obtained from optimized sample system (--) (b) Expanded view
of shaded area in (2)

The optimizer was, hence, able to take advantage of the system interactions and the more
accurate representations of the load disturbances and voltage variations to arrive at an improved
(lower weight) design for the combined filter/converter sample system.

The next step in the overall research project is to add additional power system components to the
overall optimization problem. As additional components are added, the number of design
variables and constraints in the optimization problem will grow accordingly. It is anticipated that
the computational expense of the system design problem will eventually become prohibitively
large. In this case, an alternative design methodology will be required. It is envisioned that a bi-
level global/local design procedure will enable the complete power distribution system to be
designed without neglecting important subsystem interactions. Preliminary work on the
development of an appropriate global/local methodology for the power distribution system has
begun and will be reported in future papers.
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CONCLUSIONS

A mathematical optimization problem was formulated for the design of two subsystems of an
aircraft power distribution system. A simple interconnected system consisting of an input filter
and a regulated DC-DC buck converter was used as a sample system to demonstrate the
optimization methodology. It was shown that designing the sample system as a whole resulted in
a lesser weight because the optimizer was able to account for the interactions between the
interconnected subsystems. The use of optimization methodologies allows designers with a
minimum of power electronics design experience to obtain minimum weight designs in a much
shorter design cycle time than is required using traditional design techniques.
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